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Finally,  high  efficiency  in  generat-
ing mice  by  nuclear  transfer  from ES 
cells is consistent with the notion that 
the  pluripotent  epigenome  is  unpro-
grammed.  Indeed,  removal  of  DNA 
methylation does not cripple ES cells, 
although  downstream  differentiation 
is  impaired.  If  epiblast  and  ES  cells 
are  truly unprogrammed, self-renewal 
and  pluripotency  will  withstand  loss 
of  other  epigenetic modifications  and 
be  sustained  only  by  transcriptional 
regulators.  However,  reintroduction 
of  deleted  components may  be  nec-
essary  to  rescue  disabled machinery 
necessary for cellular differentiation.
Acknowledgments
I thank M. Johnson and I. Chambers for helpful 
comments. A.S. is funded by the MRC of the 
United Kingdom and is a scientific consultant 
to Stem Cell Sciences PLC.
RefeRences
Buehr, M., and Smith, A. (2003). Philos. Trans. 
R. Soc. Lond. B Biol. Sci. 358, 1397–1402.
Chambers, I., and Smith, A. (2004). Oncogene 
23, 7150–7160.
Fujikura, J., Yamato, E., Yonemura, S., Hosoda, 
K., Masui, S., Nakao, K., Miyazaki Ji, J., and Niwa, 
H. (2002). Genes Dev. 16, 784–789.
Johnson, M.H., and Ziomek, C.A.  (1981). Cell 
24, 71–80.
Kanatsu-Shinohara, M.,  Inoue, K., Lee, J., Yo-
shimoto, M., Ogonuki,  N., Miki,  H.,  Baba,  S., 
Kato, T., Kazuki, Y., Toyokuni, S., et al. (2004). 
Cell 119, 1001–1012.
Nichols, J., Zevnik, B., Anastassiadis, K., Niwa, 
H., Klewe-Nebenius, D., Chambers, I., Scholer, 
H., and Smith, A. (1998). Cell 95, 379–391.
Niwa, H., Miyazaki, J., and Smith, A.G. (2000). 
Nat. Genet. 24, 372–376.
Niwa, H., Toyooka, Y., Daisuke, S., Strumpf, D., 
Takahashi, K., Yagi, R., and Rossant, J. (2005). 
Cell, this issue.
Strumpf, D., Mao, C.A., Yamanaka, Y., Ralston, 
A., Chawengsaksophak, K., Beck, F., and Ros-
sant, J. (2005). Development 132, 2093–2102.
Wakayama,  T.,  Tabar,  V.,  Rodriguez,  I.,  Perry, 
A.C., Studer, L., and Mombaerts, P. (2001). Sci-
ence 292, 740–743.solving mysteries of dnA Replication and 
frog cloning
Ron Laskey1,*
1MRC Cancer Cell Unit, Hutchison/MRC Research Centre, Hills Road, Cambridge CB2 2XZ, United Kingdom
*Contact: ral19@cam.ac.uk
DOI: 10.1016/j.cell.2005.11.008
Compared to sperm nuclei, nuclei from adult somatic cells replicate inefficiently in frog egg 
extract. In this issue of Cell, Lemaitre et al. (2005) show that pre-exposure of erythrocyte 
nuclei to a mitotic extract removes this difference, reorganizes the chromatin into shorter 
loops, and allows replication at much shorter intervals along the DNA. Remarkably, these 
observations also explain an old mystery of why serial nuclear transplantation was so 
successful for cloning frogs.As  science  progresses,  a  trail  of 
unsolved puzzles and paradoxes is left 
behind  along  with  misfit  results  that 
can never be fully explained but must 
have some significance. This  issue of 
Cell contains a remarkable paper from 
Marcel Méchali’s  lab  (Lemaitre  et  al., 
2005)  that  solves  several  such mys-
teries at a single stroke. The Mechali 
study addresses the esoteric question 
of  why  the  DNA  in  nuclei  from  adult 
somatic  cells  of  the  frog  replicates 
more  slowly  than  the  DNA  of  sperm 
nuclei does when both are exposed to 
extracts  of  frog  eggs.  The difference 760  Cell 123, December 2, 2005 ©2005 Ein DNA replication efficiency has been 
an  unsolved  mystery  for  15  years. 
Lemaitre  et  al.  (2005)  now  demon-
strate  that  exposure  of  somatic-cell 
nuclei and sperm nuclei to an extract 
of  mitotic  cells  abolishes  this  differ-
ence.  However,  the  significance  of 
the paper by Méchali and colleagues 
extends  far  beyond  answering  this 
question.  Their  study  explains  the 
long-standing puzzle of why the serial 
transplantation  of  nuclei  from  differ-
entiated frog cells into frog eggs from 
which the nucleus had been removed 
enabled frogs to be cloned more than lsevier Inc.20 years before  the cloning of mam-
mals became possible.
The  key  advance  in  allowing  the 
development  of  tadpoles  gener-
ated  by  nuclear  transplantation  was 
the  performance  of  two  consecutive 
cycles  of  nuclear  transfer.  Embryos 
arising  from  the  first  cycle  of  nuclear 
transfer  were  dissociated,  and  their 
nuclei were transplanted into a further 
set of enucleated eggs. This process 
is called serial nuclear  transfer, and  it 
produces  clones  of  genetically  iden-
tical  frogs  (Gurdon  1962).  The  frog 
embryos derived from the serial trans-
plantation of nuclei from differentiated 
cells  reached  an  advanced  stage  of 
development, demonstrating that cel-
lular differentiation does not involve the 
irreversible  loss of genes. However,  it 
remained  unclear  why  the  results  of 
serial  nuclear  transfer  were  so much 
better than the results of a single round 
of  nuclear  transfer.  Genetic  markers 
firmly  excluded  the  possibility  that 
this success was due to any contribu-
tion  from  the nucleus of  the  recipient 
egg. Furthermore, there was a second 
paradox  arising  from  serial  nuclear 
transfer  experiments.  Remarkably, 
when  the  frog  embryos  that  resulted 
from a single round of nuclear transfer 
were used as donors  for serial  trans-
fers, those in which only one half of the 
embryo divided normally (half-cleaved 
embryos) were far better donors than 
embryos  that  looked  completely  nor-
mal  (Figure 1; Gurdon, 1962; Gurdon 
and  Laskey,  1970;  Laskey  and  Gur-
don,  1970).  Although  we  could  offer 
a  partial  explanation  for  these  para-
doxes (Gurdon and Laskey 
1970),  the  full  explanation 
has  waited  35  years  for 
the work of  Lemaitre  et  al. 
(2005).
Lemaitre  et  al.  (2005) 
compared  the  replication 
efficiency  of  DNA  in  frog 
sperm  and  erythrocyte 
nuclei  exposed  to  Xeno-
pus  egg  extracts.  (Unlike 
most mammals, frogs have 
nucleated  erythrocytes.)  In 
contrast to nuclei from adult 
frog  somatic  cells,  sperm 
nuclei  are  able  to  replicate 
rapidly  after  fertilization. 
The S phase of early Xeno-
pus  embryos  lasts only  20 
min,  compared  to  many 
hours  in  adult  Xenopus 
cells,  which  divide  more 
slowly  than  their  mamma-
lian counterparts. In agree-
ment with previous reports 
(Leno and Laskey, 1991; Lu 
et al., 1999), Lemaitre et al. 
(2005)  found  that  erythro-
cyte  nuclei  replicated  very 
inefficiently  when  com-
pared to sperm nuclei, syn-
thesizing  less  than  10% of 
their DNA in 3 hr. However, erythrocyte 
nuclei  could  be  induced  to  replicate 
just as efficiently as sperm nuclei if they 
were  preincubated with  a mitotic-cell 
extract  that  caused  them  to  undergo 
chromosome  condensation.  Not  only 
did the DNA of erythrocyte nuclei rep-
licate more efficiently after exposure to 
the  mitotic  extract,  but  DNA  replica-
tion was initiated with a much shorter 
periodicity,  a  characteristic  of  early 
embryos,  as  revealed  by  fluorescent 
labeling  and molecular  combing.  The 
average  spacing  between  consecu-
tive replication initiation sites along the 
DNA  fell  from  120.9  kb  in  untreated 
erythrocyte nuclei to 24.9 kb after pre-
incubation of nuclei with the mitotic-cell 
extract. This spacing was similar (23.4 
kb) to that for untreated sperm nuclei. 
Furthermore, in the mitotic-cell extract, 
chromatin  loops  in  adult  erythrocyte 
nuclei were shortened to a length that 
is characteristic of early embryos, fall-
ing from 97.1 kb to 15.4 kb. Therefore, 
exposure to the mitotic extract is suffi-
cient to reorganize the chromatin both 
structurally and functionally in terms of 
the timing and spacing of its pattern of 
DNA replication.
The  increased  replication  of  eryth-
rocyte  nuclei  following  pre-exposure 
to mitotic extract could not be attrib-
uted to changes in either nucleosomal 
organization  or  acetylation  levels  of 
their chromatin. Interestingly, chromo-
some  loop  size  increased  in  embry-
onic nuclei as they passed through S 
phase, such that premitotic nuclei had 
longer loops than postmitotic nuclei. In 
addition,  Lemaitre  et  al.  (2005)  show 
that  the  enzyme  topoisomerase  II  is 
needed for both the reorganization of 
chromatin loops and the recruitment of 
the origin  recognition complex  (ORC) 
to chromatin  in erythrocytes  that had 
been  preincubated  with  the  mitotic-
cell extract.
So,  if  passage  through  mitosis 
clearly resets the size of chromatin loop 
domains and the spacing of replication 
initiation  sites,  how  does  this  help  to 
explain the success of serial 
nuclear transfers? And why 
do  half-cleaved  embryos 
outperform  their  normal 
counterparts (Figure 1)? By 
laboriously  transplanting 
labeled nuclei, cutting serial 
sections,  and  subjecting 
them  to  autoradiography, 
we  found  that  half-cleaved 
embryos  arose  when  the 
transplanted  nucleus  was 
located  at  a  distance  from 
the first mitotic spindle (Gur-
don  and  Laskey,  1970).  In 
this  case,  the  transplanted 
nucleus did not divide dur-
ing  the  first  division  and 
then  passed  intact  into 
one  of  the  two  daughter 
cells.  Only  this  daugh-
ter  cell  could  divide  again 
because  the  other  lacked 
a  nucleus.  Because  half-
cleaved embryos  like  these 
could  not  develop  beyond 
gastrulation,  serial  nuclear 
transfers  were  essential 
to  test  the  pluripotency  of 
their nuclei. At the time, we 
explained the superior serial 
transfer  results  from  half-
figure 1. Half-cleaved nuclei Are Better donors for the 
second Round of nuclear transfer
(Top) Consecutive photographs of a half-cleaved frog embryo that was 
produced by the transfer of a nucleus from a cultured adult frog somatic 
cell into an enucleated frog egg. These half-cleaved embryos arise when 
the  transplanted nucleus  fails  to associate with  the spindle of  the  first 
mitotic division. 
(Bottom) The bar graph demonstrates that donor nuclei taken from half-
cleaved embryos support a second round of nuclear transfer to a greater 
extent than nuclei from completely cleaved embryos (modified from Gur-
don and Laskey, 1970). The work of Lemaitre et al. (2005) provides an 
explanation  for  this  effect.  The chromatin  from a  transplanted nucleus 
from the half-cleaved embryo was reset by exposure to the mitotic cyto-
plasm, allowing its DNA to replicate much faster.Cell 123, December 2, 2005 ©2005 Elsevier Inc.  761
cleaved  embryos  by  the  fact  that  the 
transplanted nuclei  had  twice as  long 
to  finish  replicating  their  DNA,  having 
evaded  the  first  mitosis  (Gurdon  and 
Laskey,  1970).  This  may  still  be  valid 
as a partial answer. However, the pro-
found  difference  in  success  between 
half-cleaved and fully cleaved embryos 
as  donors  for  second  nuclear  trans-
fers was still surprising  (see Figure 1). 
Lemaitre  et  al.  (2005)  now  provide  a 
much better explanation than ours: the 
transplanted nucleus is reset by expo-
sure  to  mitotic  cytoplasm,  leading  to 
reorganization  of  its  chromatin, which 
allows for much faster DNA replication.
The work  of  Lemaitre  et  al.  (2005) 
is  important  because  it  defines  the 
relationships between mitosis, replica-
tion  patterns,  and  chromosome  loop 
organization.  It also has many poten-
tial applications. First,  it  increases the 762  Cell 123, December 2, 2005 ©2005 E
A brief inspection of the world around 
us  makes  it  readily  apparent  that 
most microbial activity occurs on sur-
faces.  From  the  slippery  rocks  on  a 
riverbed  to our own  teeth, virtually all 
exposed surfaces on this planet teem 
with microbial  life.  The  aggregates  of 
microbial cells that exist in close asso-
ciation with surfaces are referred to as 
biofilms and have tremendous impact 
on  the  local  environment  (Davey  and 
O’Toole, 2000). In the case of the use-
mycobacterial
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Microorganisms growing on su
of Cell, Ojha et al. (2005) investi
wall components that are requi
in these bacteria and the surprrange  of  nuclear  templates  that  can 
be  used  to  study  the  control  of DNA 
replication  in  Xenopus  egg  extracts. 
Second,  it  opens  up  the  possibility 
that pre-exposure of  nuclei  to mitotic 
extracts might  increase  the efficiency 
of DNA replication in mammalian cell-
free  systems,  which  lag  far  behind 
their  Xenopus  counterparts  in  effi-
ciency. Third,  it might result  in greatly 
increased  efficiency  of  nuclear  trans-
fer  in  frogs.  Although  the  question 
that  nuclear  transfer  originally  aimed 
to  address—that  is,  whether  differ-
entiation  involves  irreversible  loss  of 
genes—has  been  largely  answered, 
there are still many unresolved  issues 
about  gene  regulation,  silencing,  and 
chromatin  modification  that  could  be 
approached  through  nuclear-transfer 
experiments,  particularly  if  pre-expo-
sure  to  mitotic-cell  extracts  removes lsevier Inc.
ful microbial communities that form on 
the sand grains present in water treat-
ment plants, their effect is greatly ben-
eficial for humankind. But in the clinical 
setting, microbial growth on surfaces 
can  have  devastating  consequences 
(Parsek  and  Singh,  2003).  When 
implanted  devices,  such  as  artificial 
joints, become colonized with bacterial 
biofilms, there is almost no alternative 
but removal of the device. The bacte-
ria  coating  the  device  become  recal-
 Biofilms: A gr
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rfaces can form biofilms under c
gate biofilm formation in mycob
red for the formation of architect
ising involvement of a chaperonthe need for serial transfers. Finally, the 
most important feature of the Lemaitre 
et al. (2005) study may be the insight it 
gives us into a possible way of increas-
ing  the  efficiency  of  nuclear  transfer 
and thus the cloning of mammals.
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Biol. Cell 10, 4091–4106.citrant  to  treatment with antimicrobial 
agents  and  develop  into  an  almost-
impossible-to-eradicate  reservoir  of 
bacteria  that  can  spread  throughout 
the body. In fact, many chronic bacte-
rial infections, such as those of Pseu-
domonas aeruginosa  in  the  lungs  of 
cystic fibrosis patients, are thought to 
persist  largely due to the formation of 
biofilms.
Biofilm formation is akin to a devel-
opmental pathway (Davey and O’Toole, 
easy way to 
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ertain conditions. In this issue 
acteria. They identify new cell-
urally complex mature biofilms 
e protein in this process.
